To evaluate whether alterations in the multidrug-resistance (MDR)-1 gene correlate with intestinal MDR-1 expression and uptake of orally administered P-glycoprotein (PGP) substrates, we analyzed the MDR-1 sequence in 21 volunteers whose PGP expression and function in the duodenum had been determined by Western blots and quantitative immunohistology (n ‫؍‬ 21) or by plasma concentrations after orally administered digoxin (n ‫؍‬ 8 ؉ 14). We observed a significant correlation of a polymorphism in exon 26 (C3435T) of MDR-1 with expression levels and function of MDR-1. Individuals homozygous for this polymorphism had significantly lower duodenal MDR-1 expression and the highest digoxin plasma levels. Homozygosity for this variant was observed in 24% of our sample population (n ‫؍‬ 188). This polymorphism is expected to affect the absorption and tissue concentrations of numerous other substrates of MDR-1.
To evaluate whether alterations in the multidrug-resistance (MDR)-1 gene correlate with intestinal MDR-1 expression and uptake of orally administered P-glycoprotein (PGP) substrates, we analyzed the MDR-1 sequence in 21 volunteers whose PGP expression and function in the duodenum had been determined by Western blots and quantitative immunohistology (n ‫؍‬ 21) or by plasma concentrations after orally administered digoxin (n ‫؍‬ 8 ؉ 14). We observed a significant correlation of a polymorphism in exon 26 (C3435T) of MDR-1 with expression levels and function of MDR-1. Individuals homozygous for this polymorphism had significantly lower duodenal MDR-1 expression and the highest digoxin plasma levels. Homozygosity for this variant was observed in 24% of our sample population (n ‫؍‬ 188). This polymorphism is expected to affect the absorption and tissue concentrations of numerous other substrates of MDR-1.
cancer therapy ͉ drug resistance ͉ molecular transport ͉ pharmacogenetics T he human multidrug-resistance (MDR)-1 gene encodes an integral membrane protein, P-glycoprotein (PGP), whose function is the energy-dependent export of substances from the inside of cells and from membranes to the outside (1) (2) (3) (4) . Its physiological role is the protection of cells from toxic substances or metabolites. PGP may also play a role in steroid metabolism. Many drugs are substrates of MDR-1. Therefore, degree of expression and the functionality of the MDR-1 gene product can directly affect the therapeutic effectiveness of such agents. This is of particular importance in cancer therapy where high expression and activity of MDR-1 cause cancer cells to become refractory to treatment with many agents, all of which are PGP substrates (1, 2) . MDR-1 is also expressed on different nonmalignant cells in various organs, e.g., in the intestine and at the blood-brain barrier. Modulation of MDR-1 expression in these normal cell types can also influence the activity and bioavailability of drugs (5, 6) . In the intestine, modulation of MDR-1 may control the degree of drug uptake after drug ingestion (7) (8) (9) . At the blood-brain barrier, PGP influences the uptake of substrates into the brain (10-13): high PGP levels may limit the uptake of sufficient amounts of desired drugs into the brain, and reduced PGP activity could lead to abnormally increased accumulation in the brain and undesired side effects of drugs.
The ''overall MDR-1 activity'' controlling PGP-dependent drug transport depends on two parameters: (i) the level of expression of the MDR-1 gene controls the amount of protein that is synthesized in the cells, and (ii) the functionality of the MDR-1-encoded PGP, which determines which substrates are recognized and transported with what effectiveness. The first parameter, level of expression of MDR-1, has been intensively analyzed, particularly because the sensitivity of tumor cells toward chemotherapy often correlates inversely with increased MDR-1 expression. MDR-1 overexpression can be attributed partially to gene amplifications (14-17), but it is known that other factors must also exist (18) (19) (20) . For example, rifampine induces MDR-1 (9). Allelic differences in individual MDR-1 gene sequences may be associated with or even causative for different expression levels. Regions in the human MDR-1 gene where sequence differences could influence expression levels would be the promoter and͞or enhancer, sequences that influence the mode or efficacy of processing of the pre-mRNAs, and sequences that influence mRNA stability (4, (18) (19) (20) . In addition, expression levels can be influenced by structural differences in the genome, such as chromatin alterations, methylation, or acetylation, which may be relevant not only directly in the MDR-1 gene, but also in the genomic sequence that surrounds MDR-1. It is difficult to identify directly and characterize nonpromoter͞enhancer-associated sequence variations that affect levels of gene expression. However, the linear structure of the human genome on defined chromosomes opens the possibility of utilizing polymorphisms that do not directly influence expression levels as marker for other so-far-unidentified changes in and around the MDR-1 gene. Because of this linkage effect, defined alleles can serve as a marker for an important phenotype (expression levels) even if the MDR-1 sequence variations by themselves are not causative for that phenotype (21) .
The second parameter that influences the overall MDR-1 activity in individuals is the functionality of PGP. Which substrates are recognized by the protein and pumped out of the cell with which effectiveness? This parameter is defined by the amino acid sequence of the protein that is encoded by the MDR-1 allele. Amino acid changes may influence the function of PGP. So far, two naturally occurring MDR-1 polymorphisms have been described and correlated with potential clinical effects (22) . In that study, no connection between these changes and PGP function could be made. On the other hand, experiments with artificially introduced MDR-1 mutations show clearly that PGP reacts quite sensitively to amino acid alterations. Mutations that change amino acids can alter the substrate spectrum of PGP, the effectiveness of transport, and also the sensitivity of PGP toward inhibition with specific inhibitory substances (2, (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . It is clear that some naturally occurring mutations and alleles-if they exist, and if we can discover themmay show similar effects. It is unknown, however, how many such variations exist, with what frequency and at what positions in the human MDR-1 gene, and whether any of these can be correlated in humans with altered activity and͞or side effects of drugs that are substrates of PGP.
Here we describe the identification and distribution of 15 polymorphisms in the human MDR-1 gene in a Caucasian population, one of which shows a significant correlation with MDR-1 expression levels and PGP activity in vivo. (35) . Genomic DNA was prepared from blood samples by using the Qiagen (Chatsworth, CA) (QiaAmp) blood kits on a Qiagen 9604 robot.
Methods

Analysis of MDR-1 Expression and PGP Activity in Human Volunteers.
Expression levels in the duodenum were analyzed by quantitative immunohistochemistry (eight volunteers) and Western blot analysis with antibody F4 (Sigma) and C219 (eight volunteers ϩ thirteen patients) (9) . In one study (8 volunteers, 112-1 to 112-8) duodenal biopsies and in the second study (13 patients, 113-A to 113-P) enterocyte preparations of surgical specimens were used. For volunteers 112-1 to 112-8, CYP3A4 expression was also determined before and after rifampin induction by Western blot. Blots were quantified by densitometric evaluation of the PGP signals. To assure that quantitative immunohistochemistry of PGP and CYP3A4 reflects expression in intestinal enterocytes, an additional marker protein that is expressed in enterocytes, villin, was analyzed before and after rifampin induction. For quantification, an image analysis workstation (histoanalyzer) was used. For 112-1 to 112-8 PGP activity before and after induction was determined. PGP activity was tested by measuring the plasma concentrations before and between 0.17 and 144 h after the oral administration of digoxin (9) . The area under the plasma concentration time curve (AUC) of orally administered digoxin correlates well with the intestinal amount of PGP (9) and serves as indicator for PGP activity. To assay blood digoxin levels under steady-state conditions, another group of healthy volunteers from a clinical study at the University Medical Center, Charité in Berlin (35) was analyzed, 6 women and 8 men (mean age, 26 yr; range 22 to 33 yr; mean weight, 67 kg; range 50 to 90 kg), comprised of 7 individuals with TT genotype (4 male, 3 female) and 7 individuals with CC genotype (4 male, 3 female). The volunteers were treated with 0.25 mg digoxin per day orally (steady state); details of the study are described by Johne et al. (35) . Maximum concentrations (C max ) were taken for comparison. Values were standardized according to lean body weight of individuals.
Identification of MDR-1 Polymorphisms. Specific oligonucleotide primers for amplification by PCR of MDR-1 gene fragments (28 exons and core promoter region) from genomic DNA were derived from known sequences [GenBank accession no: AC002457 for the promoter region and exon 1-7 and AC005068 for exons 8-28, (4)]; see Fig. 1 . The primers were designed to bind to sequences upstream and downstream of the different exons to cover each exon, as well as sequences at the exon-intron boundaries that are important for mRNA splicing. Details regarding the primers, optimized PCR conditions, and subsequent purification and sequencing of the fragments are available at info@epidauros.com. Sequences of purified PCR fragments were obtained by automated DNA sequencing on ABI377 (gel) or ABI3700 (capillary) sequencers by using BigDye Terminator cycle sequencing reactions (Perkin-Elmer͞Applied Biosystems). For allele-specific PCR, in a reaction volume of 20 l, 50 ng genomic DNA template was added to buffer containing 1.5 mM MgCl2, 250 M dNTPs,1 ϫ Q-solution, 20 pmol of each primer, and 1 unit Taq polymerase. PCR was carried out in a GeneAmp PCR System 9700 (Perkin-Elmer) with an initial denaturation of 3 min at 95°C followed by 30 cycles of denaturation 94°C for 30 sec, primer annealing for 30 sec at temperatures between 50°C and 61°C depending on the individual primer combination, and 30 sec extension (8 min final) at 72°C. The sequences of the primer combinations for specific detection of MDR-1 alleles (exon 2), and the corresponding annealing temperature are listed in the legend to Fig. 2 .
Results
MDR-1 Polymorphisms.
All 28 exons and the core promoter region of MDR-1 were amplified by PCR from genomic DNA, covering the coding exons and sequences at the exon-intron boundaries that are important for mRNA splicing (Fig. 1) . For the initial screen, sequence analyses were carried out for all gene fragments of 24 individuals. The screen was extended for selected MDR-1 gene fragments, some of which have been analyzed from a total of 188 individuals. The sequences were inspected for deviations from the original MDR-1 sequences (GenBank accession no.: AC002457; AC005068), which we define as ''wild type.'' Fifteen different polymorphisms were observed. The positions and sequences of the polymorphisms are listed in Table 1 . Of the 15 polymorphisms, 12 do not alter the protein sequence. Seven are located in introns 4, 6, 12, 16, and 17, close to exon boundaries, and 3 at wobble positions that do not change amino acids, one in exon 12, and two in exon 26. One noncoding variation that occurs as heterozygous in 11.2% of our population was found at the nucleotide that directly precedes the ATG translation start codon. Three polymorphisms resulted in protein alterations in exons 2, 5, and 11. Exon 2 contains a polymorphism that changes Asn-21 to Asp. This variation occurs in 17.6% of the heterozygous volunteer population and in 0.5% homozygous. Exon 5 showed in 1.2% of the heterozygotes a polymorphism that changes Phe-103 to Leu and in exon 11, Ser-400 is changed to Asn in 12.9% (heterozygous) of the sample population. The sequences, positions, and frequencies of the polymorphisms are summarized in Table 1 . A comparison of the experimental and predicted (Hardy-Weinberg equilibrium) genotype frequencies regarding different MDR-1 polymorphisms (Table 1) shows that the determined genotype distribution agrees with the predicted distribution. Sequencing of gene fragments is often not suitable to define linked SNPs, except for cases in which alleles occur homozygously. This is the case for a C͞T SNP in intron 6 and the C/T SNP in exon 12 that appear linked. We found (with one exception; see Table 2 ) consistently at these positions the homozygous combinations T͞T-T͞T and C͞C-C͞C (indicated as broken line in Fig. 1 ). For other polymorphisms, linkage could not be predicted directly from our sequence data, but we used allele-specific PCR as alternative to analyze linkage. One example for specific detection of MDR-1 variations by allele-specific PCR is shown in Fig. 2 . Exon 2 harbors two different polymorphisms that appear as singular SNPs in most samples. However, in seven samples, both polymorphisms were observed to be combined heterozygously. Fig. 2b shows that, by using allelespecific primers deduced from the SNP-containing DNA sequences in exon 2 and wild-type primers, PCR is suitable to distinguish defined MDR-1 alleles (shown for exon 2; not shown for other SNPs, e.g., in exon 5). However, our attempts to determine allele haplotypes in exon 2 by PCR did not give a clear answer. Therefore, the haplotypes of these samples were determined by sequencing of plasmids into which doubleheterozygous PCR-fragment mixtures had been cloned. This proved unambiguously that the different polymorphisms in exon 2 were on separate alleles and not linked in our volunteers. A comparison of the MDR-1 genotyping results and corresponding duodenal PGP levels of 21 volunteers and patients, listed in Table 2 , shows a correlation of the levels of PGP expression and a polymorphism in exon 26 (C͞T at wobble position 3435). The homozygous T-allele is associated with more than 2-fold lower Fig. 2 . Detection of MDR-1 polymorphisms. Examples for the identification of homozygous and heterozygous polymorphisms by sequence analysis (A) and by allele-specific PCR (B). Shown is the polymorphism in exon 2 that directly precedes the ATG start codon at cDNA pos.-1. MDR-1 sequence deviations can be detected directly in the DNA sequence profiles. A shows a wild-type sequence (Left) and (Right) the sequence of a fragment with a heterozygous polymorphism. (B) Allele-specific PCR (agarose gel of the PCR fragments) defines the MDR-1 genotype, i.e., the presence and͞or absence of alleles. PCR was performed with human genomic DNA as with allele-specific primer combinations 5Ј-ggtttctcttcaggtcgg-G3Ј(wild type) or 5Ј-ggtttctcttcaggtcgg-A3Ј(mut), and 5Ј-ctcagccaacaaacttctgc-3Ј (reverse) and annealing temperatures of 54°C for both reactions. The wild-type sample shows exclusively a fragment with the wild-type-primer combination; the heterozygous sample is positive for the wild-type primer combination as well as the primer combination that specifically detects the polymorphism. The positions of the identified polymorphisms correspond to positions of the MDR-1 cDNA (GenBank accession no. M14758, codon TTC exon 10, F335, is missing in that sequence), with the first base of the ATG start codon set to 1. SNPs that are located in introns are presented as (exonϩ͞Ϫn), i.e., n nucleotides upstream (Ϫ) or downstream (ϩ) of the exons that were defined by Chen et al. (4) . Fifteen polymorphisms were identified. The number of samples that were included in the allele frequency determination is listed as (N). Homozygous calculated: the predicted ratios of the homozygous genotypes (q 2 ) were calculated on the basis of the Hardy-Weinberg distribution, using the formulas p ϭ (2 ϫ AA ϩ 1 ϫ Aa)/2N and p ϩ q ϭ 1: AA ϭ number of probands homozygous for the wild-type allele, Aa ϭ number of heterozygotes, N ϭ size of the sample test, p ϭ frequency of the wild-type allele, q ϭ frequency of the mut allele, q 2 ϭ frequency of the genotype homozygous for the mut allele. # indicates polymorphisms that are linked.
MDR-1 expression levels compared with homozygous CC samples. Heterozygous individuals display an intermediate phenotype (Fig.  3) . These differences have a significance of P ϭ 0.056 (JonckheereTerpstra test). Consistent with this correlation, the individual with the lowest PGP levels displayed the homozygous T͞T genotype and the individual with the highest expression levels the C͞C phenotype (underlined in Table 2 ). The difference in PGP levels between these individuals was Ͼ65-fold (40 vs. 2,658 OD). A subpopulation of n ϭ 8, for which MDR-1 induction experiments were performed (ref. 9; see below), also showed a correlation of the MDR-1 genotype at position 3435 with MDR-1 expression levels under rifampininduced conditions. The mean of the MDR-1 protein levels of the C-allele-carrying volunteers is much higher compared with those carrying the T-allele (Fig. 4A) . Consistent with that, we found that a volunteer homozygous for the T-allele had the lowest rifampininduced PGP level, whereas a volunteer homozygous for the C-allele had the highest level of all probands tested.
Correlation of a Polymorphism in Exon 26 with MDR-1 Activity in Vivo.
In eight volunteers, we analyzed not only expression levels but also the PGP activity in duodenum after rifampin induction, by measuring the blood concentrations of orally administered digoxin (1 mg), which is a PGP substrate (9) . It is known by measurements of intestinal PGP protein levels and comparisons to plasma levels of digoxin after oral application that digoxin plasma concentrations show an inverse correlation with the MDR-1 expression in duodenum (9) . In such experiments, measurements of digoxin uptake are performed shortly after oral intake, and therefore effects of digoxin metabolism are neglectable. Thus, digoxin plasma concentrations can be used to assay PGP activity.
We observe a statistically significant inverse correlation of the exon 26 polymorphism with digoxin plasma levels, which reflects PGP activity in vivo. Fig. 4B shows that volunteers that harbor the T-allele (weaker MDR-1 expression) contain higher plasma levels of digoxin compared with samples that have a C͞C genotype. The mean of the rifampin-induced digoxin concentrations (see Table 2 ) of the C-allele population is consistently lower than those of the T-population (28.6 vs. 57.3͞39.9 digoxin induced). In total agreement with that, a volunteer homozygous for the T-allele had the highest detectable digoxin concentration in the blood after rifampin induction (AUC 57.3), and a volunteer homozygous for the C-allele displayed the lowest level of all (AUC 12.3). The difference of the digoxin plasma levels of these individuals was more than 4-fold. 
1͞12
Exon, 5Ј noncoding The MDR-1 allele distribution in volunteers and patients was determined by direct sequencing of MDR-1 gene fragments. Ϫ indicates homozygous wild-type sequences at the defined positions. The MDR-1 phenotype of the 21 samples was determined by Western blot analysis (9) . The MDR-1 genotype in exon 26 was determined by DNA sequencing. Because the expression levels for the samples were determined in two distinct Western blot experiments, the absolute OD values for one set can differ from the values for the other set because of time differences during the exposition to the x-ray film. Therefore in each set the highest expression level was equated to 100% and, beside the densitometric OD values for the MDR-1 expression, the percentage of the expression is also listed. The correlation of the exon 26 SNP with MDR-1 expression and activity after rifampin induction was analyzed in eight volunteers of this group.
Even in this small population of eight rifampin-induced volunteers (which could not be extended because the study has been closed), the correlation of the MDR-1 genotype and low͞high PGP activity was statistically significant (P ϭ 0.053, Jonckheere-Terpstra test).
To validate further the correlation of MDR-1 genotype with intestinal digoxin uptake, additional volunteers of another clinical study that addresses blood levels of digoxin after oral application (without rifampin induction and PGP protein determination; ref. 35) were evaluated for their MDR-1 genotype in exon 26. In this study, maximum plasma concentrations (C max ) were evaluated during steady-state conditions of digoxin. This pharmacokinetic parameter especially reveals differences in the absorption of digoxin between the different groups. Fig. 5 shows a comparison of digoxin C max of seven volunteers that carried homozygously the T͞T-allele and seven volunteers with the homozygous C͞C genotype in exon 26. The mean difference of 38% in digoxin C max between the groups is statistically significant (P ϭ 0.006, Mann-Whitney U two-sample test) and reflects the impact of this polymorphism on digoxin pharmacokinetics.
Discussion
We have identified polymorphisms in the human MDR-1 gene and described their distribution in a Caucasian population. Among 15 different polymorphisms that we found were 11 noncoding SNPs in introns and wobble positions and a noncoding SNP that directly preceded the ATG translation initiation codon. Three polymorphisms, located in exons 2, 5, and 11, changed the amino acid sequence. In the populations whose MDR-1 expression levels (n ϭ 21) and activity in the duodenum (n ϭ 8 ϩ 14) were characterized, one wobble polymorphism in exon 26 correlates in a statistically significant manner with PGP expression and activity in vivo.
MDR-1 Polymorphisms. The discovery and characterization of variations in the MDR-1 gene and diagnostic tests for the discrimination of different MDR-1 alleles in human individuals may provide a potent tool for improving the therapy of diseases with drugs that are substrates of the MDR-1 gene product and whose cellular uptake is therefore dependent on MDR-1. The identification of MDR-1 variations may also be useful to predict therapy outcome, an improved approach compared with determination of general MDR-expression. Furthermore, the characterization of novel MDR-1 variants may be useful for the development of novel inhibitors that specifically modulate the activity of the individual types of MDR-1. The feasibility of using inhibitors of individual (artificially created) MDR-1 variants and their potential therapeutic application has recently been demonstrated in a model system (30, 31) . Mickley et al. have recently described two genetic polymorphisms in MDR-1 at positions 2677 and 2995 in exons 21 and 24 (22) . These polymorphisms were identified in selected cell lines as well as in healthy volunteers and in refractory lymphomas. Although in that study the polymorphism at position 2677 was found heterozygously in 43% of the samples, we did not find this polymorphism, even though for this position 24 different individuals were screened. The positions on the MDR-1 gene of different polymorphisms that we found in our screen, in relation to the domain structure of the MDR-1-encoded PGP protein, are summarized in Fig. 1 . Among the discovered polymorphisms, four appear to be particularly interesting. Three of these change the amino acid sequence of PGP: at PGP position 21 (exon 2), Asn is replaced by Asp, which results in a net charge change (basic to acidic) at this position. This polymorphism is located close to the N terminus of PGP. So far, mutational analyses of PGP have not revealed this region to be of major importance for the function of PGP (2). But we certainly cannot rule out that this particular mutation may still affect the function of PGP. Another protein alteration that we found changes phenylalanine 103 in exon 5 to leucine. This protein polymorphism is located on the extracellular side of PGP before the second transmembrane domain. The position of this polymorphism is close to glycosylation sites that are known in PGP. The polymorphism results in a change from a large aromatic residue to another large lipophilic residue. The impact on the structure of the exon-5-encoded region, e.g., 5 . Correlation of MDR-1 genotype and digoxin uptake in vivo. The MDR-1 genotype in exon 26 was analyzed in 14 healthy volunteers who participated in a clinical study that addresses plasma levels of digoxin during steady-state conditions (35) . A statistically significant difference (P ϭ 0.006; Mann-Whitney U two-sample test) was found in the comparison of maximum concentrations (C max) of digoxin between two groups of seven healthy volunteers harboring either T͞T or C͞C genotype. The mean difference of 38% in C max may reflect the importance of genotype on the absorption of digoxin after oral application. A 0.25 mg dose was applied on steady-state of digoxin.
whether the side-chain packing becomes disturbed and therefore the structure becomes altered, remains to be clarified. Because this polymorphism is located in an extracellular domain of the protein, it may be possible to use it for antibody-based diagnosis of this MDR-1 allele. In exon 11, a polymorphism replaces Ser-400 to asparagine, thus the side chain has a significantly different size and possibly a charge difference, dependent on pH and isoelectric environment of the residue within the protein structure. The polymorphism is located on the cytoplasmic side just preceding the first ATP-binding domain. Functional ATP domains are essential for the function of PGP (32-34). Therefore, further analyses are required to determine whether this polymorphism modulates the function of PGP.
Correlation with MDR-1 Phenotype. The access to a population of 8 volunteers and 13 patients whose MDR-1 status, i.e., expression (n ϭ 21) and activity in the duodenum (n ϭ 8), had been thoroughly analyzed in experimental clinical trials led us to evaluate whether any of our identified polymorphisms correlated with a MDR-1 phenotype. Because of the limited size of the population, potential correlations with rare protein polymorphisms could not be tested; only one of the individuals carried heterozygously the exon 11 (Ser-Asn) polymorphism, four harbored heterozygously the exon 2 (Asn-Asp) polymorphism, and only two heterozygously the exon 5 (Phe-Leu) polymorphism. Also, effects of the SNP that directly precedes the translation initiation codon and thereby might influence translation efficacy and expression levels of MDR-1 could not be analyzed because only two individuals carried heterozygously the SNP at this position. None of the individuals that carried these four polymorphisms showed any unusually high or low PGP expression or activity that would indicate an effect of those polymorphisms.
Interestingly, among the noncoding SNPs, one at a wobble position in exon 26 correlated with expression levels and in vivo activity of PGP in this population (Table 2 ). This correlation regarding the PGP expression was observed with statistical significance in various approaches that determine MDR-1 expression as well as intestinal PGP activity: the levels of MDR expression in the duodenum correlate with the exon 26 SNP (P ϭ 0.056, n ϭ 21, Jonckheere-Terpstra test) under noninduced as well as under rifampin-induced conditions (n ϭ 8). Differences in intestinal PGP activity under normal steady-state conditions show a significant correlation with SNP (P ϭ 0.006, n ϭ 14) as well as PGP activity after induction of MDR-1 expression with rifampin (P ϭ 0.053, n ϭ 8).
Among the 21 samples for which PGP protein levels were determined, only one clearly deviated from the described expression vs. genotype correlation. In this homozygous T͞T sample, high duodenal PGP concentrations were measured even though this genotype correlates otherwise with low MDR-1 expression and low PGP activity. The data set of this sample (113-F) is included in our statistical calculations. It is known that levels of gene expression are controlled by multiple factors, and thus the high PGP levels in this individual may be caused by other so far unidentified and possibly not genetically determined factors. An exclusion of this one sample (of 21) from our data set (with the reasonable assumption that its PGP expression is ''abnormal'' and influenced by other unknown factors) would increase the statistical significance of the genotype-phenotype correlation from P ϭ 0.056 (n ϭ 21) to a significance of P ϭ 0.019 in the Jonckheere-Terpstra test (n ϭ 20). Because of its location at a noncoding nonpromoter position in the MDR-1 gene, it is unlikely that this SNP directly influences MDR-1 expression. Instead, it may be linked to other so far unidentified changes in regions of the MDR-1 gene that control expression, e.g., in the promoter͞enhancer region or in sequences that are important for mRNA processing. Even though this particular SNP may not be causative for expression differences, it still can differentiate alleles with distinct MDR-1 expression and activity. Further studies with different substrates are required to confirm the general correlation of the SNP with PGP levels and drug uptake.
Variations in the expression levels and in the activity of MDR-1-encoded PGP have a major impact on the therapeutic efficacy of many drugs. Therefore, the ability to detect MDR-1 alleles that are relevant for the expression or activity of PGP is of great importance for the treatment of patients with agents that are substrates of the MDR-1 gene product.
